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the GFP reconstitution across synaptic partners (GrAsP) technique, based on functional complementation between two nonfluorescent GFP fragments, can be used to detect the location of synapses quickly, accurately and with high spatial resolution. the method has been previously applied in the nematode and the fruit fly but requires substantial modification for use in the mammalian brain. We developed mammalian GrAsP (mGrAsP) by optimizing transmembrane split-GFP carriers for mammalian synapses. using in silico protein design, we engineered chimeric synaptic mGrAsP fragments that were efficiently delivered to synaptic locations and reconstituted GFP fluorescence in vivo. Furthermore, by integrating molecular and cellular approaches with a computational strategy for the threedimensional reconstruction of neurons, we applied mGrAsP to both long-range circuits and local microcircuits in the mouse hippocampus and thalamocortical regions, analyzing synaptic distribution in single neurons and in dendritic compartments.
Over the past century, the desire to link neuronal network activity and behavior has driven neuroscientists to develop techniques for mapping synaptic connectivity in neuronal circuits [1] [2] [3] . The extent of overlap between the axonal arbor of a presynaptic neuron and the dendritic arbor of a postsynaptic neuron has been used to infer the presence of synaptic connectivity 4 based on the fact that synapse formation requires a physical contact. However, this criterion can only provide an estimate for connection probability as it has been shown that less than half of the axons within reach of a given postsynaptic dendrite actually form functional synaptic contacts 5 .
The presence and statistical characteristics of actual synaptic connectivity can be determined by neuronal reconstruction from high-resolution electron microscopy data. But even with recent advances in electron microscopy-related methodology, it remains a relatively time-consuming and volume-limited endeavor to reconstruct a substantial region of neuronal tissue 6, 7 . Recently, fluorescence-based methods such as array tomography, Brainbow, trans-synaptic tracing and GRASP [8] [9] [10] [11] have emerged as alternative approaches for mapping neuronal circuitry, enabled by sophisticated techniques for genetic manipulation of animal models. GRASP is based on functional complementation between two nonfluorescent split-GFP fragments (called GFP1-10 and GFP11) tethered to the synaptic membranes in two separate neuronal populations 11 . When two neurons, each expressing one of the fragments, are tightly opposed through a synaptic cleft, fluorescent GFP is reconstituted (Fig. 1a) and the location of synapses can be visualized. To date, GRASP has been applied to map synaptic connectivity in the nematode and the fruit fly 11, 12 . However, before GRASP can be used as a transmembrane proximity detector for synapse visualization in the mammalian brain, several important modifications are required because of variability of synaptic architecture across organisms 13 .
Here we describe optimized GRASP for mapping long-range circuits as well as microcircuits in the mammalian brain (mGRASP). Using in silico protein design, we engineered chimeric synaptic mGRASP components that would target to pre-and postsynaptic membranes separately and match the ~20-nm-wide synaptic cleft of mammalian synapses. We validated the synaptic distribution of the designed pre-and postsynaptic mGRASP components with electron microscopy, verified that the reconstitution of mGRASP could be detected in well-studied synapses of various brain regions (for example, Schaffer collateral synapses of the hippocampus) and determined that our technique led to no substantial change in synaptogenesis. We also verified that mGRASP can be used to specifically detect actual synapses, not potential synapses, by examining sites where synapses are known to be absent even if fully surrounded by nontargeting axons. In addition, we report analysis strategies and computational programs for the three-dimensional reconstruction of neurons that allowed us to investigate the localization and detailed subcellular distribution of synapses. Our results show that mGRASP is a powerful tool to characterize both neuronal inhibitory and excitatory circuits in the mouse brain. results mGrAsP design and gene-delivery strategy Our design goals were to produce pre-and postsynaptic proteins that would allow split-GFP reconstitution over synaptic clefts in the mouse brain without causing spurious synapse formation or inappropriate reconstitution at nonsynaptic regions. To do so, we searched for suitable transmembrane molecules that are localized restrictedly at synapses. In the mammalian central nervous system, overexpression of certain synaptic molecules, such as neurexin and neuroligin, can cause changes in synapse morphology leading to increased maturation of excitatory synapses and respective changes in physiology and behavior [14] [15] [16] . Thus, we designed in silico chimeric pre-and postsynaptic mGRASP components, synthesized from publicly available sequences (US National Center for Biotechnology Information; NCBI) and codon-optimized for Mus musculus (Online Methods). We wanted to ensure that mGRASP components were targeted to and maintained at synapses and that the extracellular domains including the split-GFP fragments fit appropriately in the synaptic cleft (Fig. 1a) .
Both pre-and postsynaptic mGRASP components were composed of an N-terminal signal peptide followed by a split-GFP fragment, an extracellular domain, a transmembrane domain, an intracellular domain and a fluorescent protein for neurite visualization (Fig. 1b) . For the presynaptic mGRASP component (pre-mGRASP), we used as a signal peptide the first 29 residues of the nematode β-integrin (PAT-3, residues 1-29) followed by the 16-residue GFP11, two Gly-Gly-Gly-Gly-Ser (GGGGS) linkers, and the extracellular domain and predicted transmembrane domain of human CD4-2 (residues 25-242, as in the original GRASP) 11 . To target and maintain this construct specifically in presynaptic sites, we included as an intracellular domain the 55-residue C terminus of the rat neurexin-1β (residues 414-468) containing the PDZ-binding motif necessary for endoplasmic reticulum and Golgi exit and synaptic targeting 14 . Finally, to visualize pre-mGRASP, we fused monomeric (m)Cerulean to the construct. For the postsynaptic mGRASP component (post-mGRASP), we used mouse neuroligin-1 as the main skeleton. Full-length neuroligin-1 contains 575 residues of a catalytically inactive esterase domain (residues 52-626) that are known to interact with presynaptic neurexin, leading to synapse formation 15 . Thus, we deleted residues 52-626 completely to avoid nonspecific synaptogenesis via interactions with endogenous neurexin. We inserted the 648-residue GFP1-10 fragment after the signal peptide (residues 1-49) of the esterase-truncated neuroligin-1. The rest of post-mGRASP consisted of the 71-residue extracellular domain, the 19-residue predicted transmembrane domain and the 127-residue C terminus of mouse neuroligin-1. In addition, we fused dimeric (d)Tomato to the cytosolic end of post-mGRASP via the self-cleavable 2A peptide 17 to visualize the morphology of the postsynaptic cells.
Before deciding on these configurations we attempted other combinations that all led to failures: different signal peptides (for example, of neurexin and the Drosophila cuticle protein CP3); different extracellular and transmembrane domains (for example, of neurexin and CD8); and different intracellular domains (for example, of Kv4.2 and the myosin-binding domain of mouse melanophilin). Most of these constructs resulted in cytotoxicity, inadequate synaptic expression and/or no fluorescence reconstitution (Supplementary Fig. 1) . Notably, the CD4-based GRASP system, previously used in the nematode and the fruit fly 11, 12 appeared to be nonspecific for endogenous synapse visualization in mammals. Rat hippocampal neurons separately transfected with vectors containing CD4-GFP1-10 and CD4-GFP11 and cultured together, as well as mouse brain tissue transduced with recombinant adeno-associated virus (rAAV) vectors for the expression of CD4-GFP1-10 and CD4-GFP11, showed nonspecific line-like fluorescence patterns in addition to the expected puncta-like fluorescence.
Our next challenge was to deliver the pre-and post-mGRASP components into defined neuronal populations without expressing them together in the same cell. To test our pre-and post-mGRASP constructs in the mouse brain, we focused on the well-studied CA3-CA1 connectivity of the hippocampus. We sought to sparsely label postsynaptic CA1 neurons to enable resolution of individual cells and their dendrites in a way suitable for subsequent automated reconstruction. To achieve cell type-specific and sparse In addition to Cre recombinase-independent pre-and post-mGRASP, Cre recombinase-dependent 'switch off' pre-mGRASP and 'switch on' post-mGRASP were generated, by using two mutant loxP sites (lox66 and lox71) in a head-to-head orientation. Because the double-mutated loxP (dm-loxP) site shows very low affinity for Cre recombinase and results in no or little inversion (indicated by up arrows), the favorable one-step inversion indicated by down arrows is nearly irreversible, allowing the gene to be stably switched 'on' and 'off' as desired. rAAV vectors for the expression of these constructs were injected into the hippocampus ~2 months after in utero electroporation of iCre recombinase on embryonic day 15.5 (E15.5) or into the hippocampus of Cre recombinase-expressing transgenic mice on postnatal day 60 (P60). (d) Example dTomato and mCerulean fluorescence merged image shows dense axonal projections of CA3 neurons infected with pre-mGRASP (aavCAG-pre-mGRASP-mCerulean; blue) and sparse CA1 pyramidal neurons expressing post-mGRASP (aavCAG-Jx-rev-post-mGRASP-2A-dTomato; red). Scale bar, 500 µm.
gene delivery, we used a combination of in utero electroporation 18 of Cre recombinase expression plasmids with spatially restricted injection of Cre recombinase-dependent or −independent rAAV vectors for the expression of mGRASP components to ipsilateral and contralateral sides of the hippocampus ( Fig. 1c and Supplementary Note 1). Thus we achieved selective and sparse labeling in ~50-200 postsynaptic CA1 pyramidal neurons without overlap with presynaptic CA3 neurons (Fig. 1d) .
The combination of gene-delivery strategies allowed us not only to control the sparseness of labeling but also to avoid long-term expression of exogenous synaptic proteins. In addition, the Cre recombinase-dependent viral vectors allow a wide choice of cell type-specific expression of mGRASP components by use of preexisting and newly generated Cre transgenic mouse lines (for example, Gene Expression Nervous System Atlas; GENSAT). To test this, we applied Cre recombinase-dependent 'switch off ' pre-mGRASP and 'switch on' post-mGRASP to mouse lines with cell type-specific Cre recombinase expression (Fig. 1c) . As discussed below, this strategy is especially suitable for labeling of distinct but spatially close cell populations and for mapping local synaptic connectivity.
synaptic expression of pre-and post-mGrAsP
To determine the synaptic expression of pre-and post-mGRASP, we introduced them separately into CA3 and CA1 neurons in the mouse hippocampus and examined their distribution using light and electron microscopy ( Fig. 2) . In the CA3 region, injected with rAAV vector expressing pre-mGRASP fused to mCerulean (aavCAG-pre-mGRASP-mCerulean), we detected blue fluorescence only in axonal projections, making it difficult to identify the infected neurons (Supplementary Fig. 2) . Thus, to facilitate the visualization of infected cells, we generated a new construct including mCerulean-fused pre-mGRASP followed by the self-cleavable 2A peptide and nucleus-targeted nuclear localization sequence (NLS)-mCherry (aavCAG-pre-mGRASPmCerulean-2A-NLS-mCherry). We injected rAAV vectors for the Cre recombinase-independent expression of pre-mGRASPmCerulean-2A-NLS-mCherry into the CA3 area (Fig. 1b) . Under light microscopy, we observed strongly labeled blue axons in both ipsilateral and contralateral sides of hippocampi. Highmagnification images of infected CA3 areas showed infected cell nuclei labeled with NLS-mCherry and their mCerulean-labeled axonal projections, whereas images of the non-infected CA1 area showed only axonal projections of CA3 neurons (Fig. 2a) and confirmed primary axonal expression of pre-mGRASP. In addition, under electron microscopy, silver-gold immunolabeling of mCerulean with an antibody to GFP allowed us to confirm that the pre-mGRASP component was effectively targeted to presynaptic sites (Fig. 2c) .
To verify correct post-mGRASP expression, we used immunofluorescence staining. As post-mGRASP comprises most of the β-barrel structure of GFP (GFP1-10), many commercially available polyclonal antibodies to GFP can recognize post-mGRASP. We transfected CA1 progenitor cells of the right hemisphere with Cre recombinase-independent post-mGRASP plasmid (paavCAG-post-mGRASP-2A-dTomato) via in utero electroporation and visualized its expression pattern 2 months later by immunostaining with an antibody to GFP (Fig. 2b) . The expression of post-mGRASP appeared to be highly restricted to dendritic branches and was not detectable in axons of CA1 neurons. High-magnification images under light microscopy, as well as immunolabeled images under electron microscopy showed that post-mGRASP was highly enriched in the postsynaptic density (Fig. 2b,c) . Notably, both pre-and post-mGRASP appeared to be expressed throughout even in long neurites as we detected premGRASP along CA3 axonal fibers several millimeters in length and post-mGRASP up to the ends of both apical and basal dendrites of CA1 pyramidal neurons. Taken together, we confirmed that our mGRASP components were targeted into synaptic sites as intended and that mGRASP is appropriate for mapping longrange circuits.
detection of mGrAsP in the mouse brain
We next assayed mGRASP reconstitution in the mouse brain. As we aimed to reconstruct postsynaptic neurons, we labeled postsynaptic CA1 neurons sparsely while densely labeling presynaptic CA3 neurons. We used in utero electroporation to provide plasmid encoding improved (i)Cre recombinase 19 (paavCAGiCre) to the right ventricle of embryos, and, 2 months later, we injected rAAV vectors in the same mice for the expression of Cre recombinase-independent pre-mGRASP (aavCAG-premGRASP-mCerulean) and Cre recombinase-dependent 'switchon' post-mGRASP (aavCAG-Jx-rev-post-mGRASP-2A-dTomato) components into CA3 neurons of the left hemisphere and CA1 neurons of the right hemisphere, respectively. We found that, although neither split-GFP fragment fluoresced when expressed individually, mGRASP was reconstituted trans-synaptically, revealing discrete puncta of fluorescence along dTomato-labeled CA1 apical and basal dendrites in locations where mCeruleanlabeled CA3 axons and dTomato-labeled CA1 dendrites intersect (Fig. 3, Supplementary Fig. 3 and Supplementary Video 1) . Fluorescence signals of reconstituted mGRASP were clearly evident in both the apical and basal dendritic structures of a CA1 neuron, whereas no signals were evident along tuft dendrites in the stratum lacunosum-moleculare where axons from CA3 do not project (Supplementary Fig. 3b ). High-magnification images showed strong mGRASP signals in the spine heads of both apical and basal dendrites where mCerulean-labeled axons intersected with red dendrites (Fig. 3c and Supplementary Video 2) . Furthermore, we tested mGRASP reconstitution in another long-range circuit, the thalamocortical circuit, connecting the ventral posterior medial nucleus of the thalamus with layer 4 (L4) neurons of the somatosensory cortex. Using rAAV viral injection, sequences encoding Cre recombinase-independent pre-mGRASP and Cre recombinase-dependent 'switch-on' postmGRASP were transduced respectively into the thalamic ventral posterior medial nucleus and somatosensory cortex of Six3-Cre mice, expressing Cre recombinase mainly in layer-4 neurons 20 . Similar to results obtained with mGRASP in the hippocampus, we detected clear and strong reconstituted mGRASP puncta in sites where dTomato-labeled L4 neurons and mCerulean-labeled thalamic axons intersected (Supplementary Fig. 4) .
To investigate the localization and distributions of synapses using mGRASP in dendritic compartments and in single cells, we developed analysis strategies and computational programs ( Supplementary Fig. 5 and Supplementary Note 2). Using our mGRASP detection program, the number and locations of synapses at the level of dendritic branches were automatically detected in three dimensions ( Fig. 3c) with ~93.5% accuracy verified by comparison with annotation of randomly selected subvolumes (128 × 128 × 77 voxels) of neuTube-reconstructed neurons by multiple individuals (Online Methods, Supplementary Note 2 and Supplementary Software).
Validation of mGrAsP
To test whether mGRASP can be used to detect synapses in the mouse brain without introducing artifacts, we first examined whether mGRASP induces changes in synaptic organization. We analyzed a region of massively reconstituted mGRASP signals with conventional electron microscopy to check the morphology and abundance of excitatory synapses identified by the ultrastructure of postsynaptic densities and presynaptic vesicles. We found no differences in the number of excitatory synapses between hippocampi infected with both pre-and post-mGRASP, non-infected hippocampi and hippocampi infected with only single mGRASP components (Supplementary Fig. 6 ). Notably, our method for gene delivery did not cause any alteration in the number of synapses, compared to nontransduced neurons.
To measure whether mGRASP detects actual synapses rather than neurite touches, we analyzed cell populations known to be synaptically connected as well as ones known to not be synaptically connected (that is, CA1 pyramidal neuronsoriens-lacunosum moleculare (OLM) interneurons as a synaptic pair, and CA3 pyramidal neurons-OLM interneurons as a nonsynaptic pair) 21, 22 . This test is powerful because axons of both CA3 and CA1 neurons intersect with dendrites of OLM cells, but mGRASP should detect only actual synaptic contacts from CA1 axonal projections and not from CA3 neurons. To express postmGRASP selectively in OLM cells, we used the Cre recombinasedependent 'switch-on' post-mGRASP in a genetically manipulated mouse line expressing Cre recombinase under the control of the endogenous somatostatin promoter via knock-in (sst-Cre). To label a negative presynaptic partner of the OLM interneurons, we injected rAAV vectors expressing Cre recombinaseindependent pre-mGRASP into CA3 neurons. For a positive presynaptic partner of the OLM interneurons, we injected the Cre recombinase-dependent 'switch-off ' pre-mGRASP into CA1 neurons to avoid expressing both mGRASP components in the same cell, as described above, because they are spatially close to one another (Figs. 1b and 4a) . To measure connection probability, we quantified the availability of axons in the local environment surrounding OLM dendrites by measuring the average intensity of blue signal in the same expanded tubes of reconstructed OLM dendrites that we used for mGRASP detection (radius of the traced tube plus ~2.5 µm) (Fig. 4b) . In the case of the negative synaptic CA3-OLM connections, we detected little or no reconstituted mGRASP puncta, although we saw many axon-dendrite intersections (Fig. 4b,c) . Of the few mGRASP puncta detected in CA3-OLM connections, over 78% occurred on somata and likely reflect innervations from other interneurons in CA1 neurons. By contrast, we observed many reconstituted mGRASP puncta in CA1-OLM connections, especially on dendrites of OLM cells. Overall, we found clear results in mGRASP detection from negative and positive synaptic partners with the same postsynaptic populations: as predicted, we detected mGRASP signals exclusively in CA1-OLM connections and not in CA3-OLM connections. Additionally, using antibodies to GFP shown to have preferred specificity for reconstituted forms of GFP 12 , we detected immuno-gold particles by electron microscopy in the synapses (Supplementary Fig. 7) . Together, these results indicate that with high specificity, mGRASP detected actual synapses rather than neurite touches and induced no obvious artifact effects on synaptic organization. Thus mGRASP expression fulfills our criteria for specific labeling of actual synapses without inducing aberrant synapse formation.
excitatory and inhibitory synapses with mGrAsP
Our automated reconstruction and detection programs can detect synapses and distinguish them from the dendritic compartments of other nearby neurons (Fig. 5) . We then sought to develop an automated method to distinguish between excitatory and inhibitory synapses based on the size and shape of mGRASP signals. Taking advantage of reports that all synaptic inputs converging onto the perisomatic area of CA1 pyramidal neurons are inhibitory 23 , we compared fluorescent mGRASP signals from somata and from dendrites of CA1 neurons. We observed that mGRASP fluorescent puncta on somata were always large and elliptical, whereas those on dendrites were small and round (Fig. 5) , supporting a classification scheme. In addition, to confirm contralateral inhibitory synapses, as we used contralateral presynaptic projections in this study, we examined contralateral projections of CA3 interneurons using a genetically manipulated mouse line expressing Cre recombinase under the control of the endogenous glutamic acid decarboxylase promoter via knock-in (GAD-iCre). We observed contralateral projections of GAD interneurons in both oriens and radiatum of CA1 when we delivered Cre recombinase-dependent rAAV vector for the expression of dTomato specifically into GAD interneurons in CA3 (Supplementary Fig. 8 ). This indicates that large and strong signals from reconstituted mGRASP puncta on the main trunk of the CA1 neuron were likely inhibitory inputs ( Supplementary  Fig. 3a) . To investigate the locations and distributions of synapses in depth in dendritic compartments and in single cells, we constructed dendrograms with separate apical and basal dendrites of CA1 and plotted the locations of synapses on them (Fig. 5b) . Detailed descriptions of the synaptic distributions on dendritic compartments will be critical for a full understanding of their contribution to synaptic signaling and dendritic integration. discussion We presented our initial efforts to determine the location and distribution of synapses in the mouse brain using mGRASP. The method can allow rapid and precise characterization of synaptic connectivity in neuronal circuits in conditions of health as well as in models of neurological disorders that may be caused by abnormal synaptic connectivity, such as autism 24 .
In recent years, new optogenetic approaches (for example, based on channelrhodopsin expression) have accelerated the light microscopy-based analysis of synaptic connectivity and synaptic strength 25, 26 , yet these techniques operate at relatively low levels of resolution and can yield ambiguous results. More recent studies have approached 'functional connectomics' by combining light microscopy-based calcium imaging with electron microscopybased connectivity mapping in locations such as the mammalian retina and visual cortex 3, 27 . However, only relatively small brain volumes, and in particular thin vertical ranges (~50-60 µm), can presently be imaged, mainly because electron microscopy image acquisition and analysis remains a formidable challenge. Alternatively, Brainbow, a light microscopy-based technique integrating genetic manipulation of neurons, can allow synapses to be inferred from neurite contacts by coloring individual neuronal processes differently. This technique, however, appears to be effective for only a subset of synaptic connections 9 . Another light microscopy-compatible method relies on the anterograde and retrograde trans-synaptic tracing of neuronal circuits, but, to date, toxicity issues and biased cell-type specificity of transsynaptic tracers have limited the utility of the technique 10 . Finally, array tomography, a combination of light microscopy-and electron microscopy-based approaches used to resolve proteomic details at synapses by immunolabeling of multiple synaptic markers, relies entirely on the efficiency of antibody staining and preserved tissue antigenicity, and can result in potentially ambiguous and incomplete results 28 . Our optimized mGRASP system, combined with computer-based three-dimensional (3D) reconstruction of neurons, will complement electron microscopy and optogenetic efforts toward an integrated 3D brain atlas, and can greatly accelerate comprehensive studies of synaptic longrange circuits and microcircuits.
By rapidly revealing the patterns of synaptic connectivity, this approach will enable future studies, but additional challenges and promises remain. To investigate synaptic connectivity in different brain areas, the mGRASP system may need specialized optimizations for different types of synapses. As outlined here, these optimizations could include tailored computational analysis routines and additional versions of mGRASP components with different transmembrane carriers to provide a range of proximities between synaptic membranes. When possible, care should be taken to apply the appropriate validation methods described above to any additional brain regions under study. Furthermore, it will be essential to expand the genetic toolbox for targeting dense or sparse gene expression in desired cell types in different brain areas. Additional promoters for individual cell types, new combinations of multiple genetic switches, different viral systems and creative combinations of all the above with wellcharacterized transgenic lines (for example, GENSAT) will expand the range of possible experiments. Also, split fluorescent proteins of different colors or photoactivable versions of these proteins will allow the reconstruction of multiply innervated networks with overlapping connectivity patterns. In addition, activity-dependent mGRASP systems can allow the determination of how certain circuits relate to specific behavioral tasks. Thus, additional purpose-driven optimization of mGRASP can provide information about synaptic variation, development and abnormality in intricate networks. However, for very small overlaps there can be sufficient noise or accidental correlation that they must be eliminated from consideration. Therefore, we simply ignored the NCC values for which O ∆ is smaller than 10 −6 voxels, which is a safe threshold because the stacks are imaged to overlap by much more than this. Our tracing algorithm was based on step-wise cylinder fitting. More details about the tracing algorithm can be found in ref. 36 . One critical part of the algorithm is to measure how well a cylinder fits to the signal. We used a cylindrical filter that in cross section is the Laplacian of a Gaussian as a neurite fiber in cross section looks like a Gaussian-diffused spot. We start with U(x,y,z), a 'unit cylinder' that has the form U x y z x y e x y ( , , ) (
